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PRELIMINARY REPORT ON THE HYSHOT 5CRAM-lET EXPERIMENTS IN T4

INTRODUCTION

A series of experiments were initiated to investigate the operation of a two-dimensional, hypersonic,air-
breathing engine (scramjet) inclined at angles of attack to the freestream. The experiments were
undertaken to obtain data for use in the Hyshot flight test program.

Experiments on the Hyshot scramjet were undertaken in the T4 shock tunnel. Experiments were made at a
nominal total enthalpy of 3.0MJkg-1 using a nozzle that produced flows with a Mach number of

approximately 6.5. The conditions produced correspond to flight at Mach 7.6 at an altitude range of 35.7 -
21.4km. A summary of the flow conditions is included as Table 1.

The scramjet was tested at 0, plus 2, plus 4, minus 2 and minus4 degrees angle of attack. Experiments
were also undertaken at 2 and 4 degrees angle of skew.

FLIGH T TES T DESCRIPTION

The Hyshot flight program will perform a flight test of a configurationrepresenting a two-dimensional,
supersonic combustion ramjet (scramjet) that has also been tested in the T4 shock tunnel. The aim of the
Hyshot program is to obtain a correlation between flight based testing and ground based testing in the 1"4
shock tunnel.

The scramjet will be accelerated to Mach 8 using a Terrier-Orion sounding rocket. The sounding rocket will
reach a maximum altitude of 350kin. Before re-entry the sounding rocket and scramjet will be maneuvered
into the experimental attitude. Between altitudes of 35km and 23kin gaseous hydrogen will be injected into
the scramjet and pressure measurements will be recorded. A flight Mach No. of 7.6 with a 3-sigma variation
of 0.2 is expected.

I'_ODEL CONFIGURATION

Flight and Experimental Model Relationships

A schematic of the flightmodeland the experimentalmodelis shown as Figure 1. Flightconditionsassume
a Mach 7.6 flow. The range of freestream pressures and temperatures (P® and T_orespectively) expected

during flight are deflected by an 18° wedge and are processed the shock system, depicted in Figure 1, to
produce a combustion chamber entry temperature of approximately 1100°K and a combustion chamber
entrance pressure which ranges between 22kPa and 32kPa. The combustion chamber entry pressures and
temperatures (Poand To) are shown in Figure 1.

Experiments in the T4 shock tunnel used a nozzle with a Mach number of 6.5. To reproduce the
combustion chamber entrance conditions expected during flight, a 17° compression wedge was used, see
Figure 1. The total enthaply of the flow was the same as in flight.
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PRELIHINARY REPORT ON THE HYSHOT SCRAM,JET EXPERIHENTS IN T4

Scramjet Schematic (Flight) I
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T_= 223"K - 218"K (35kin - 22kin) C_ /

Po= 216kPo - 32kPo (35kin - 22kin)

To= I102"K - 1077"K (35km - 22kin)

Scramjet Schematic (Experimental)
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FigureI - HyshotScramjetSchematic - relationshipbetweenthe flight modelandthe experimentalmodel.

General Overview

The engine used in the experiments (Figure 2) features an intake, a combustion chamber and a thrust
surface. The intake compresses the freestream using a 17-degree compression wedge. Compressed air
from the intake enters the combustion chamber where gaseous hydrogen is injected from porthole injectors
located downstream of the combustion chamber entrance. Flow exiting the combustion chamber is
expanded over a thrust surface. The experimental model mounted in the test section of the T4 tunnel is
shown as Figure 3.

Figure 2 - 3d Modelof the HyshotScramjet
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PRELIMINARY REPORT ON THE HYSHOT SCRAM,JET EXPERIMENTS IN T4

Intake

The intake is a 17-degree compression wedge, two intake sidewalls and an extension of the intake cowl
(Figure 4). The compression wedge is lOOmm wide and 305ram long. The leading edge of the
compression wedge has been blunted with a 2mm radius. The intake sidewalls are 6ram thick. The leading
edges of intake sidewalls have a 20-degree taper perpendicular to the direction of flow and are blunted with
a 2ram radius. The intake has been designed so that when operating at between + 4-degree angle of

attack, the flow entering the combustionchamber has uniform temperature,velocity and pressure. This is
achieved by allowing shocks generated by the leading edges and the cowl to spill through a gap located
between the trailing edge of the compression wedge and the entrance to the combustion chamber. This
small gap also bleeds the boundary and entropy layers formed on the compression wedge. Boundary
layers formed on the sidewalls are bleed out through cutouts located on the sidewalls. These cutouts have

also been designed so that the internal contraction ratio is 1.5. This should allow for self starting of the
hyshot experiment. Figure 4, displays a three dimensional representation of the intake assembly.

Figure 3 - Hyshot Scramjet Model in T4 Test Section
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PRELIMINARY REPDRT ON THE HYSHDT SCRAM,JET EXPERIMENTS IN T4

qP

Sidewall

(p _pression Wedge

Sidewall Cutout

Figure4 - 3d Modelof the IntakeAssembly

Combustion Chamber

The combustion chamber is formed from an assembly of the cowl, two sidewalls and an inner surface

(Figure 5). The combustion chamber has a constant cross-sectional area and shape throughout its entire
length. The chamber is 300mm long, 75mm wide and 9.8ram high. Four 2mm porthole fuel injectors are
located 40ram from the leading edge of the inner surface. The injectors inject fuel at 90 degrees to the flow
within the combustion chamber. Cavities within the combustor inner surface link the injectors to fuel line

connection points. A cutaway of the combustion chamber inner surface (Figure 6) shows the internal fuel
cavities and injectors. Pressure transducers are located at 13ram centers along the centerline of the inner
surface. The first transducer is located 90ram downstream from the inner surface leading edge. Two
additional transducers, located above internal fuel lines, measure the fuel pressure.
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PRELIMINARY REPORT ON THE HYSHOT -qCRAMJET EXPERIMENTS IN T4

Combustion Chamber Inner Surface

Cowl
Combustion Chamber Sidewall

Figure5- 3d Modelof CombustionChamberAssembly

Thrust Surface

The thrustsurface is formed from a thrust plate inclinedat 12 degrees to the combustionchamber inner
surface. The thrust plate is 75ram wide and 200ram long. Two side platesconnectthe thrustplate to the
cowl. Pressuretransducersare locatedat 13ram centersalong the centerlineof the thrustplate. The first
transducer is located 11ram from the exit of the combustionchamber. This distance is taken along the
lengthof the thrustsurface.
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PRELIMINARY REPORT ON THE HYSHOT SCRAMJET EXPERIMENTS IN T4

Fuel Cavities

Injectors

Taps for Pressure Transducers

Figure 6 - 3d Cutaway of Combustion Chamber Inner Surface

Thrust Block/Cove

Thrust Plate

Mount

Cowl

Thruster Sideplate

Figure 7 - 3d Thruster Assembly
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PRELIMINARY REPORT ON THE HYSHDT SCRAM,JET EXPERIMENTS IN T4

EXPERIMENTAL MATRIX

Figure 8 is an experimental matrix, whichoutlines the experiments undertaken. The design conditionare
defined as 0-degree angle of attack. Angle of attack experiments were undertaken at 2-degrees, 4-degrees,
minus 2-degrees and minus 4-degrees. Skew experiments were conducted at 2-degrees and 4-degrees at
0-degree angle of attack. At each angle of attack the equivalence ratio altitude were varied. The typical
equivalence range investigated for each angle of attack is shown in Figure 8. The equivalence ranges
shown are typical and varied slightly at each altitude tested.

The experimental matrix was repeated for a
number of freestream pressures representing
altitudes that correspond to expected flight
conditions. The compression tube diaphragm
thickness was varied to produce the required
freestream pressure. A diaphragm thickness of
1ram was used to simulate a nominal altitude of
35kin, 2mm for nominal altitude of 28km and
3ram for ,a nominal altitude of 23km.

Experiments were also conducted at design
conditions using 4mm diaphragms which
corresponded to a nominal altitude of 21kin.

During the experiments a wedge extension was
added to the model to block the small gap
between the model base plate and the
compression wedge. This extension was added
to simulate the symmetry of the flight model. The
wedge was removed after observation showed
that the wedge did not affect the performance of
the scramjet. Also a wedge obstruction was
placed between the model base plate and the
combustion chamber inner surface to simulate

the pressure transducer cover on the flight
model. These modifications had no effect in the
combustion chamber and thrust surface
measurements.

Tests Conducted

Altitudes: 35km(Imm}, 28kmJ2mm}, 23km(3mm)

Pitch

j Conditionsj_ z_j- .... [_Yaw

Figure8- ExperimentalMatrix

RESUL TS

General Overview

The T4 reflected shock tunnel was used for Hyshot scramjet experiments. This facility is located in the
Centre for Hypersonics, at the University of Queensland. The T4 facility is a free piston driven shock tunnel.
The Hyshot scramjet experiments, reported in this document, used the Mach 6.5 contoured nozzle.
Experiments were conducted at a nominal enthalpy of 3.0MJkg-1.

A description of the tests undertaken, including freestream conditions,measured stagnation pressuresand
shock speeds within the shock tube are included as Table 1 (see appendix A). The freestream conditions,
presented in Table 1, have been calculated from the shock speed, stagnation pressure and contour of the
nozzle, using the ESTC (Mclntosh 1968) and NENZF (Lordi eta11966) codes.
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PRELIMINARY REPORT ON THE HYSHOT _qCRAMJET EXPERIMENTS IN T4

Pressure measurements were recorded using PCB pressure transducers. Measurements were recorded at
a rate of 250kHz on each transducer using a 12bit analog to digital converter. The data was reduced using
the UQ program, MONC v4.8.

Fuel Flow Rate

Fuel is supplied to the injectors from the T4 fuel system. The T4 fuel system consists of a Ludwich tube, a
fast acting large mass flow rate valve, interconnecting pipe work and associated valving. The Ludwich tube
is of sufficient length to supply fuel, at a steady pressure, to the scramjet model for approximately 30
milliseconds. The fast acting fuel valve is located between the Ludwich tube and the injectors.

The fuel system wascalibratedby filling the Ludwichtube to a known pressure withgaseous hydrogen. The
fast acting fuel valve was then activated and a fuel pressure (FPm)time history was recorded upstream of
the injectors. The pressure within the Ludwich tube after valve activation wasalso recorded. Assuming the
fuel flow is isentropic and adiabatic it can be shown that the mass flow rate of fuel is:

x fFPm / °''4
' r'h =k x FPm L'-_-i ,)

Where FR - filling pressure of the Ludwich tube and k is the proportionality constant.

By integrating both sides of the above equation with respect to the time that the valve was opened, and
using the change in Ludwich tube pressure to determine the mass of the injected fuel, the proportionality
constant, k, can be determined experimentally. The proportionality constant for the Hyshot scramjet
experiments was determined to be 1.62x108. The error in this measurement was + 3%.

Pressure Time History

Figure 9 displays a typical pressure time history for a pressure transducer located in the combustion
chamber. The pressure history shown is for transducer number 15, located 272mm downstream from the
leading edge of the combustion chamber. This transducer is the second last transducer in the combustion
chamber. The chart shows the traces for a fuel off shot (6779) and a fuel on shot (6782). These
experiments were conducted at a 0-degree angle of attack and a nominal altitude of 28km. The trace
highlights the pressure rise that is associated with combustion.
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Figure 9 - Typical Pressure Time History
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Figure 10 - Pressure vs Distance Plot

Pressure Distance History

O-Degree Angle of Affack

A graph displaying the pressure as a function of distance at t = 3.5ms is shown as Figure 10. Pressure as a

function of distance for a fuel off shot (6779) is compared with the pressure as a function of distance for a

fuel on shot (6782). These experiments were conducted at a 0-degree angle of attack and a nominal

altitude of 28kin. Pressure rise due to combustion can be observed, particulady towards the rear of the

combustion chamber.
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PRELIMINARY REPORT ON THE HYSHOT SCRAMdET EXPERIMENTS IN T4

Angle of Affack

A pressure distance historycomparison between4-degree, minus4-degree and 0-degree angle of attack
shots is shown as Figure 11. These shots were conducted at a nominal altitude of 23km with a nominal

equivalence ratio of 0.310. At the same nominal equivalence ratio, the 4-degree angle of attack results
produced combustion chamber pressures which were greater than the 0-degree angle of attack pressures.
Likewise the minus 4-degree angle of attack experiments produced combustion chamber pressures which
were lower than the 0-degree angle of attack.

==
.=

Q.

Pressure vs Distance at t = 3.Sms
5oo

400

3OO

200

100

= 0.321_ _,,_ Normal Altitude 23km,

100 200 300 400 500

Distance (mm)

______.0 ° AOA ----II-- +4° AOA _ -4 ° AOA

Figure11- Pressurevs DistanceAngleof AttackVariation

Pressure distance histories for 0-degree, 4-degree and minus 4-degree angles of attack at 35km are shown
as Figure 12 - Figure 14. The combustion chamber pressures in these plots have been normalised with the
stagnation pressure to eliminate shot to shot variation. The small pressure rise between the fuel off and fuel
on experiments at 35kin and 0-degree angle of attack indicates that only a small amount of combustion is
occurring. Experiments at 4-degree angle of attack and 35 km, Figure 13, displays a much higher pressure
rise between the fuel off and the fuel on shots. This trend indicates that combustion is occurring at these
conditions. The pressure rise is more noticeable toward the rear of the combustion chamber. The minus 4-
degree experiments at 35kin showed little pressure rise between the fuel off and fuel on shots indicating that
very little, if any, combustion was occurring.
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PRELIMINARY REPORT ON THE HYSHDT SCRAMJET EXPERIMENTS IN T4
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Figure 12 - Normalised Pressure versus Distance for fuel off and fuel on at 0° A0A
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Normalised Pressure vs Distance (mm) : -4° AOA
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Figure 14- Normalised Pressure versus Distance for fuel on and fuel off at -4° AOA

4° Angle of Aflack and 4 ° Skew

Analysisof experimental results shows a similarity between 4-degree angle of attack results and 4-degree
skew results. Figure 15 displays the relationship between the 4-degree angle of attack pressure distance
distribution and the 4-degree skew pressure distance distribution. These experiments were conducted at a
nominal altitude of 23kin and a nominal equivalence of 0.310.

Pressure vs Distance at t = 3.5ms

_t = 0.321 Nominal Altitude 23km

500 | _ _ _ J_ Nominal-_=OJ10_

400t-0| ........ _ .............. I_11, _ Ill
mm I001 ................ ,-_0._3_15___

= 200t...... --"-"........ .... ............
.o

0 50 100 150 200 250 300 350 400 450 500

Distance (mm)

.-4-- +4 ° AOA -m-4 ° Skew]

Figure 15 - Pressure vs Distance 4° AOA and 4° Skew

Average Combustion Chamber Pressure

An average combustion chamber pressure has been calculated for all shots. The average pressure is a

time average and has been calculated over 3 milliseconds during the test time, see Figure 9. Each pressure
transducerin the combustionchamberhas beenaveragedusingthis methodand then an overallaverage
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PRELIMINARY REPORT ON THE HYSHOT -qCRAMJET EXPERIMENTS IN T4

combustion chamber pressure has been calculated. To eliminate shot to shot variation the overall average
has been normalised with respect to the stagnation pressure.

Plots of normalised average combustion chamber pressure versus equivalence are presented as Figure 16 -
Figure 18. Each plot displays the normalised average combustion chamber pressure versus equivalence for
each altitude tested. These plots show that positive angles of attack have produced greater combustion
chamber pressures than those generated at 0-degree angle of attack. Likewise negative angles of attack
have produced lower average combustion chamber pressures than those produced at 0-degree angle of
attack.

Normalised Pressure vs Equivalence Ratio
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2.5E-02 ........................

P
2.0E-02 .......................................

" 4
== f
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z 5.0E-03 ......... _ _-. 4_AOA-__._ - - Sk-e_,-
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Figure 16. NormalisedAverage Combustor Pressureversus EquivalenceRatio at 35kin
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Figure 17- NormalisedAverageCombustorPressureversusEquivalenceRatioat 28km
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Normalised Pressure vs Equivalence
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Figure18- NormalisedAverageCombustorPressureversusEquivalenceRatioat 23kin

The average combustion chamber pressure at each angle of attack and angle of skew have been compared
to the average combustion chamber pressure at O-degreeangle of attack. These comparisons have been
made for fuel off and fuel on shots. Figure 19 - Figure 21 display the average combustion chamber
pressure variation from the O-degreeangle of attack average combustion chamber pressures for angles of
attack and skew at the altitudes tested. The pressure variation is presented as a percentage of the O-
degree average combustion chamber pressure.

Experiments at positive 2-degree and minus 2-degrees produced average combustion chamber pressures
that typically varied by +_.10-20% from the average pressures generated at O-degree angle of attack. When
operating at positive 4-degree and minus 4-degree angle of attack average combustion chamber pressures
deviated by _+15-40%from the average pressures developed at O-degreeangle of attack.

Average combustion chamber pressures formed when operating a 2-degree skew are similar to 0-degree
results,except at 28kin altitudewhere the fuelon averagecombustionchamber pressurewas 40% greater
than the 0-degree angle of attack average combustionchamber pressure. 4-degree skew average
combustion chamber pressuresat 23km varied by 10% from the 0-degree average combustionchamber
pressures. At an altitudeof 28km and with fuel on, the 4-degree average combustorpressureswere 40%
greater than those producedat 0-degree angle of attack. 4-degree skew average combustionchamber
pressures at 35kin where 25% greater than the 0-degree angle of attack average combustionchamber

pressures.
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Average Pressure Variation vs Angle
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Figure 19 - Average Combustor Pressure Variation at 35km
#

Average Pressure Variation vs Angle
50.00%

40.00% Nornina_____l __ _

.e 0 30.00% ..............................

_ 20.00%
u) o

P _ 1°.°°%a.

g 0.00%
•_ °= -lo.oo%

< -20.00%

> -30.00%

-40.00% • __

-6 -4 -2 AnOle 2 4 6

+AOA Fuel off -!-- AOA Fuel on _ Skew Fuel off + Skew Fuel on I
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Average Pressure Variation vs Angle
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Figure 21 - Average Combustor Pressure Variation at 23km

In general fuel off experiments produced average combustion chamber pressures that varied little from
those produced at zero degree angle of attack. The variation was typically 10-15%. The fuel on shots at
positive angles of attack produced a greater increase in the average combustion chamber pressure.
Negative angles of attack fuel on shots produced combustion chamber pressures that varied only slightly
from the average combustion chamber pressures produced during fuel off shots. This trend indicates that
positive angles of attack produce combustion chamber conditions that are more favorable for combustion.

Thrust

The thrust produced for each experiment has been calculated by integrating the pressures generated over
the thrust surface. To eliminate shot to shot variation the calculated thrusts have been normalised using the

stagnation pressure. Figure 22 - Figure 24 displays the normalised thrusts versus the equivalence ratio for
each altitude tested.

Skew experiments generally produced the largest thrusts with respect to the 0° angle of attack experiments.
Positive angles of attack produced thrusts that were larger than those produced at negative angles of attack.
At the 35kin and 28kin altitudes, positive angles of attack produced thrusts that were larger than those
produced at 0-degree angle of attack and the negative angles of attack produced thrusts which were less
than those produced at 0-degree angle of attack. At 23krn altitude the 0-degree angle of attack produced
the largest thrusts. Thrusts produced at all other angles of attack at the 23kin altitude varied only slightly.
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Thrust/Stagnation Pressure vs Equivalence Ratio
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Figure 24 - Thrust/Stagnation Pressure versus Equivalence Ratio at 23km

Boundary Layer Separation

Examiningthe pressureversusdistancetime historyfor all experimentsenabled the observationof
boundarylayer separation. Separationwas observedwhena pressuredisturbancepropagatedforward
throughthecombustor.Thiswassubsequentlyassociatedwitha pressuredistributionthatdecreasedalong
thecombustor.Thisdecreaseinpressurealongthecombustorhasbeenattributedto subsoniccombustion.
This trend is shown as Figure 26 - Figure 31. Figure 25 displaysthe range where boundary layer
separationwas observedversusaltitude. Noseparationwasobservedfor4-degreeangleof attack,minus
4-degreeangleof attackand4-degreeskewexperiments.
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Figure 25 - Separation Equivalence Ratio versus Altitude
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PRELIMINARY REPDRT ON THE HYSHDT SCRAMJET EXPERIMENTS IN T4

5O0

Pressure vs Distance at t = 4.5ms
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Figure 30 - Pressure vs Distance at t = 4.5ms (Nora. AIt = 28kin; AOA = 0°; _ = 0.511)

Pressure vs Distance at t = 5.0ms
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Figure 31 - Pressure vs Distance at t = 5.0ms (Nora. AIt = 28km; AOA = 0°; _k= 0,511)



TABLE1 -- RUN SUMMARY

,-qUMMA R Y

It is concluded that supersonic combustion was taking place withinthe combustionchamber. Pressure
rises within the combustion chamber were observed during fuel-on shots. Fuel-on shots for low
freestream pressures produced combustion towards the rear of the combustion chamber. As the
freestream pressure increased, combustion moved forward in the combustion chamber. At high
freestream pressures, a pressure rise along the length of the duct indicated combustion was occurring
towards the front of the combustion chamber.

Angle of attack tests showed an increase in combustion chamber pressures for positive angle of attacks
and a decrease in pressure for negative angles of attack. This result is due to intake shock geometry
changes associated with angle of attack operation. 2-degree angle of skew produced combustion
chamber pressures which were similar than those produced at 0 degree angle of attack. Thus small
changes in skew have a negligible effect on the operation of the scramjet. Positive 4-degree angle of
attack experiments produced similar combustion chamber pressures to the 4-degree skew results.

The experimental scramjet operated in a stable manner for equivalences less than 0.4 between
altitudes of 35km and 28kin. The stability limit decrease to an equivalence of 0.3 at the lower altitude of
23kin. No separation was observed when the scramjet operated at 4-degree skew, positive 4-degree
and minus,4-degrees angle of attack.

REFERENCES

Lordi, J.A., Mates, R.E., and Moselle, J.R. (1966), Computer program for the Numerical Solution of
Non-equilibrium Expansion of Reactinq Gas Mixtures, NASA CR-742.

Mclntosh, M.K. (1968), Computer Program for the Numerical Calculation of Frozen and
Equilibrium Conditions in Shock Tunnels, Dept of Physics, ANU Report.
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Subject: NASA Langley Research Center (LaRC) Research Grant NAG-l-2113-- Notice of
Delinquent Summary of Research Report Submission (Principal Investigator:
,.,,.n-Allan Pau!l)

The purpose of this letter is to inform you that your institution is beyond the 90-day grace period allowed
for the submission of the Summary of Research report required by the subject grant. The grant expired
on 9/30/99.

Pursuant to the NASA Grant and Cooperative Agreement Handbook, Section 1260.21, a Summary of
Research report is due within 90 days after the expiration of the grant, regardless of whether or not
support is continued under another grant. There is no specified format for this report; however, it should
include, as a minimum, a comprehensive summary of significant accomplishments made throughout the
total period of the grant.

In as much as the Summary of Research report is the onlv deliverable required under the subject grant,
it is imperative that the LaRC Grant Office, Mail Stop 126, receive this report. Copies of the report
should also be submitted to MS 168, Dr. Aaron H. Auslender, LaRC Technical Officer, and to the NASA
Center for AeroSpace Information (CASI). The CASI copy should be easily reproducible (i.e., one-
sided, no-staples, and no-binder) and should be submitted to the following address:

NASA Center for AeroSpace Information (CASI)
7121 Standard Drive
Hanover, MD 21076-1320

If the Summary of Research report has not been submitted to the undersigned by April 18, 2000, the
Center will withhold all future grants, grant supplements, and/or payments to your institution. You
should contact the LaRC Grant Administrator, Ms. Carol Reddic, within 1 week of receipt of this letter to
make arrangements for submitting this delinquent report. Ms. Reddic can be reached by phone at
(757) 864-6042. If you have other questions regarding this requirement, contact me at (757) 864-2477
or e-mail me at r.t.lacks('_,larc.nasa.qov.

R. Todd Lacks
LaRC Grant Officer


